Ceria-titania solutions with compositions of Ce 0.9 Ti 0.1 O 2 and Ce 0.8 Ti 0.2 O 2 were prepared by the citric-acid (Pechini) method and characterized using x-ray diffraction (XRD) for structure, coulometric titration for redox thermodynamics, and water-gas-shift (WGS) reaction rates. Following calcination at 973 K, XRD suggests that the mixed oxides exist as single-phase, fluorite structures, although there was no significant change in the lattice parameter compared to pure ceria. The mixed oxides are shown to be significantly more reducible than bulk ceria, with enthalpies for reoxidation being approximately -500 kJ/mol O2, compared to -760 kJ/mol O 2 for bulk ceria. However, WGS rates over 1-wt% Pd supported on ceria, Ce 0.8 Ti 0.2 O 2 , and Ce 0.8 Zr 0.2 O 2 were nearly the same. For calcination at 1323 K, the mixed oxides separated into ceria and titania phases, as indicated by both the XRD and thermodynamic results.
Introduction
The ability of cerium dioxide to undergo oxidation and reduction is important for a number of catalytic applications. For example, the redox properties of ceria are certainly important in Oxygen-Storage Capacitance (OSC) for three-way, emissions-control catalysis [1] [2] [3] [4] [5] [6] [7] and are likely to be important for water-gas-shift catalysis [8] [9] [10] [11] [12] [13] [14] [15] , hydrocarbon-reforming catalysis [16, 17] , and hydrocarbon oxidation in control of diesel emissions [18, 19] . Because pure ceria has rather poor thermal stability [20] , it is most often used in the form of a mixed oxide. In the case of OSC, the ceria is used as a mixed oxide with zirconia [1] [2] [3] [4] . The enhanced reducibility of ceria-zirconia solutions has sometimes been associated with the ability of the solid solutions to maintain high surface areas; however, recent thermodynamic studies in our laboratory have shown that even bulk oxygen is released much more easily in the mixed oxide [21] [22] [23] . The enthalpy change for oxidation of reduced oxides was found to be -520 kJ/mol O 2 for ceria-zirconia solutions having a range of compositions, compared to an enthalpy change of -760 kJ/mol O 2 for pure ceria. Ceria is also commonly doped with +3 rare-earth ions, such as Sm +3 and Gd +3 , since these mixtures are known to exhibit improved ionic conductivity [24] ;
however, these ions do not appear to influence the thermodynamics of ceria oxidation and reduction in any significant manner [25] .
Because enhanced reducibility of ceria is likely to lead to improved catalytic properties for some reactions, there have been many investigations into the properties of other dopants for ceria. One particularly interesting system is that of ceria-titania solutions, with several recent reports indicating that titania doping leads to improved reducibility. First, a study using density functional theory by Andersson, et , and Th 4+ ions and found that ceria doped with Ti 4+ was the most easily reduced of these materials [26] . Ti 4+ , like Zr
4+
, decreased both the vacancy formation energy and the migration barrier in the ceria. In a study combining both experiments and calculations [27] , Dutta, et al also observed enhanced reducibility of ceria-titania solutions, with the mixed oxides undergoing significantly more reduction than either pure titania or ceria in temperature-programmedreduction (TPR) measurements. These authors also provided spectroscopic evidence for strongly and weakly bound oxygen in the mixed oxides. Finally, Yang, et al reported that ceria-titania catalysts were more active than the pure oxides for aqueous-phase oxidations [28] .
Since the reducibility of ceria is affected by many factors [25] , we set out to measure the energetics for oxidation of reduced ceria-titania quantitatively on samples where enhanced reducibility could not be due to reduced crystallite sizes or surface-area effects. Our approach was to characterize oxidation and reduction using thermodynamic measurements to determine the enthalpies and entropies for adding oxygen to a partially reduced sample [22, 23, 25] . Because the equilibrium constant for oxidation of CeO (2- 
Finally, differential oxidation enthalpies, ΔH, can be determined by measuring isotherms at different temperatures, using Equation 2.
What we will show in this paper is that some of the oxygen in titania-doped ceria is very weakly bound, with oxidation enthalpies even lower than that found with ceria-zirconia solutions. Although the ceria-titania solutions are not as stable as ceria-zirconia solutions, they have properties that may make them useful for some catalytic applications.
Experimental Section

Samples
The Ce x Ti 1-x O 2 (x=0.9, 0.8, 0.5, and 0.2) mixed oxides were prepared using sol-gel methods similar to those described elsewhere [29] . were the only samples that were investigated extensively. Additional calcinations to temperatures of 1323 K were used to check the phase stability of these two samples and to determine the effect of calcination temperature on the equilibrium properties.
Surface areas were determined by the BET method using N 2 or Kr (for samples with very low surface areas) as the adsorbent. The unit-cell parameters, crystallite sizes, and lattice strains were obtained from the powder diffraction patterns collected at beam line X7B of the NSLS at Brookhaven National Laboratory using a Mar345 image plate detector. The data range in these measurements was from 15 to 51° in 2θ (Q~6). The x-ray wavelength (0.9209 nm) and other instrument parameters were determined from a measurement of an LaB 6 standard using the program FIT2D [30] . The 2 dimensional patterns were converted to powder patterns with FIT2D.
The above parameters were determined by profile fitting using the REFLEX module of the was prepared by decomposition of cerium nitrate at 723 K and had an initial surface area of 94 m 2 /g.
Equilibrium Measurements
Two techniques were used to measure the equilibrium oxidation isotherms, both of which have been described in detail elsewhere [21] [22] [23] 25] . The first, flow titration, involved placing between 0.5 and 1.0 g of sample in a quartz-tube flow reactor, then exposing the reduced sample to a flowing mixture of H 2 and H 2 O at the temperature of interest for 3 h. The water vapor was introduced into the gas stream by passing pure H 2 through a temperature-controlled, water bubbler and the H 2 O partial pressure was evaluated from the equilibrium vapor pressure. After equilibration of the sample in the H 2 -H 2 O mixture, the reactor was purged with dry He for 0.5 h.
Finally, the oxidation state of the sample was determined by measuring the amount of oxygen required for complete re-oxidation. This was accomplished by flowing air (21% O 2 and 79% N 2 )
over the sample at a rate of 4.3 ml/min and measuring the composition of the effluent gas from the reactor using a quadrupole mass spectrometer. The N 2 signal from the air was used as an internal standard for determining the amount of O 2 consumed. That equilibrium was achieved was shown by the fact that the extent of reduction at a particular H 2 -H 2 O ratio was independent of whether we started with an oxidized or a reduced sample.
Equilibrium information on the samples was also determined using coulometric titration.
In this technique, the P(O 2 ) of the gases over an equilibrated sample are measured electrochemically [22, 23, 25] . In our apparatus, a 100-mg sample was placed in a sealed container at the temperature of interest and reduced by passing a mixture of 90% He, 10% H 2 , and 3% H 2 O over it. After having been reduced, the sample was sealed in the gas mixture and the equilibrium P(O 2 ) was measured with an oxygen sensor. The oxygen sensor was essentially a solid oxide fuel cell with a yttria-stabilized zirconia (YSZ) membrane that was part of the container wall. The electrodes for the sensor were made from Ag paste on the reducing side and a composite of YSZ and La 0.8 Sr 0.2 MnO 3 (LSM) on the air side. In addition to measuring the P(O 2 ), the sensor was also used to add and remove oxygen from the system through application of a potential across the ion-conducting, YSZ membrane. Because 1 Coulomb is equivalent to 2.6 μmol O 2 , electrochemical addition of oxygen is very precise. Since 10 -20 atm corresponds to less than one molecule in the apparatus, it should be recognized that the P(O 2 ) is a fugacity established by equilibrium between H 2 and H 2 O over most of the P(O 2 ) range that was investigated.
The criterion we used for establishing equilibrium in coulometric titration was that the potential of the oxygen sensor change by less than 1 mV/h. The time required for achieving equilibrium depended on the temperature and the sample but was typically two days after the addition of oxygen to the sample at temperatures below 873 K in the present experiment.
Equilibrium was reached much faster, usually in 4 to 5 h, when the sample temperature was changed without the addition of oxygen. Furthermore, while it was difficult to establish reversibility by electrochemically pumping oxygen from the sample (the pumping rates out of the cell were simply too low), reversibility with temperature changes was checked and achieved in all cases.
Catalytic Studies
Because oxygen transfer between ceria and Pd is thought to be important in the water- kept well below 10%, so that differential conditions could be assumed. Reaction rates were normalized to the BET surface areas of the samples. The concentration of the effluent from the reactor was determined using an on-line gas chromatograph, SRI8610C, equipped with a
Hayesep Q column and a TCD detector
Results and Discussion
Physical Characteristics of the Samples
The diffraction patterns, measured at Brookhaven NLS, for the ceria-titania samples following calcination at 973 are shown in Fig. 1 . The physical characteristics of these samples are reported in Table 1 together with data for pure ceria. After calcination at 973 K, the two ceria-titania samples appeared to be single phase, with a fluorite structure. Both samples had surface areas similar to that reported for pure ceria following calcination at 773 K, although the average crystallite sizes of the ceria-titania samples, estimated from the diffraction line broadening, were significantly lower than that of pure ceria. In agreement with an earlier study [21, 23] and unlike the case with ceria-zirconia solutions, the lattice parameters for the ceriatitania oxides are shifted only slightly from that of pure ceria. The small shift in lattice parameters for the ceria-titania solutions can be attributed to the complexity of specific local atomic relaxation around Ti +4 ions, which is related to the fact TiO 2 prefers the rutile/anatase structures rather than the fluorite structure [31] . Ti incorporation into the fluorite lattice leads to a four-fold tetrahedron-like environment around Ti 4+ by displacing half of the oxygen ions toward the Ti 4+ and half away from Ti
4+
. This in turn results in an ordered superstructure, closely related to the original fluorite structure, created by a cubic sub-lattice of Ti 4+ ions and a separated cubic sub-lattice of displaced oxygen ions [26, 32] . These structural differences in the mixed oxides likely explain the relatively high strain reported in Table 1 .
After calcination at 1373 K, both ceria-titania samples exhibit weak rutile peaks in the diffraction patterns that indicate separation into ceria and titania phases. There are also significant increases in the average crystallite sizes and decreases in the specific surface areas.
Since the surface areas are more than a factor of 10 smaller than the calculated specific areas of the crystallites, the samples must exist as agglomerates.
Redox Stability of Ceria-Titania Solutions at 973 K
In an earlier study of the thermodynamics of surface oxygen in high-surface-area ceria [25] , it was observed that the extent of sample reduction and the sample surface area decreased with each redox cycle. For pure ceria, surface area and sample reducibility are related because oxygen at the ceria surface is more weakly bound than oxygen in the bulk [33, 34] . For ceriazirconia solutions, surface-area effects did not appear to play a role in thermodynamic measurements [21] , possibly because all of the samples had reasonably low surface areas at the beginning.
With the ceria-titania mixed oxides, it was obviously important to establish that the reducibility of the samples was again unaffected by redox cycling, as in the case of ceria-zirconia solutions, and that any differences in the thermodynamic properties of the mixed oxides were not due to surface-area effects. Therefore, our initial experiments involved flow-titration measurements of the Ce 0. [21, 22] . Because the O:M ratios in the ceriatitania samples correspond to stoichiometries that are reasonably close to that found with the ceria-zirconia solutions, we suggest that one may form similar clusters.
The isotherm for the Ce 0.9 Ti 0.1 O 2 sample calcined at 1373 K is identical to that of pure ceria. The diffraction data in Fig. 1 showed phase separation of ceria and titania after the sample had been heated to this temperature. In agreement with that, the redox properties revert to those of the pure oxides. (In this plot, the extent of sample reduction decreases with increasing O:M ratio.) For CeO 2 , the oxidation enthalpies that we calculated from the isotherms are very close to the values reported in literature reviews and handbooks, -760 kJ/mol O 2 [21, 36] . Also in agreement the literature, the oxidation enthalpies for CeO 2 are independent of oxygen stoichiometry [21, 37] . With Ce 0.81 Zr 0.19 O 2 , the oxidation enthalpies are much lower in magnitude, -520 kJ/mol O 2 , and are again independent of oxygen stoichiometry so long as the oxygen vacancy concentration is less than the Zr +4 concentration [22] . Based on the observation of steps in the oxygen isotherms at specific stoichiometries [22, 23] and the fact that the oxidation enthalpies for ceria-zirconia samples having a wide range of Zr contents are all similar to the heat of oxidation reported for the pyrochlore structure, Ce 2 Zr 2 O 7 [23, 38] , it has been argued that the redox properties of ceriazirconia solid solutions result from formation of pyrochlore clusters in the bulk structure, with pairs of Zr +4 contributing to two clusters [22, 23] .
The redox behavior of Ce 0. 
WGS Rate Measurements
In looking for a reaction that would be affected by a lower oxygen binding energy, we focused on the WGS reaction as most likely to be affected by enhanced reducibility of the oxide.
For example, in hydrocarbon oxidation, the rate-limiting step likely involves C-C or C-H bond breaking, so that the effect of binding energy is not clear. While the mechanism for the WGS reaction over ceria-supported precious metals remains controversial [40] , one proposed mechanism involves oxygen transfer from the ceria to the supported metal. A lower binding energy of the support could therefore result in higher rates. Table 2 . The rates and the activation energy for reaction on the 1wt% Pd/CeO 2 sample are in excellent agreement with earlier studies [40] . However, the activities and activation energies for both 1wt%
Pd/Ce 0. a The ceria data was obtained from our previous paper [23] . 
